This paper describes a circuit that enables auditory evoked potential recordings using a wireless EEG device (Emotiv EPOC) and a portable computer as the stimulus machine. The need arises since neither the portable computer nor EPOC has serial/parallel ports to send/receive marker signals that indicate the stimulus onset. The circuit produces a pulse on the EEG channels when it detects an audio stimulus. First it amplifies the audio tones produced by the stimulus machine and detects their envelope. If the envelope exceeds the threshold, it will activate the emitter side of an optocoupler. This in turn switches on the photo-transistor of the optocoupler and produces a pulse that is electrically isolated from the stimulus machine. The pulse's amplitude is reduced to at most 300 microvolts using a voltage divider and is fed to a pair of the EEG channels. The delay between the output pulse and the onset of the 1 kHz audio tone is under 1 ms when the tone is instantly switched on and hence insignificant. Each of the two EEG channels was also biased to DRL via a 4.7 kohm resistor so that it is free from EEG and movement artifact. A marker circuit to enable recording of auditory evoked potential using a wireless EEG system (EPOC) and a portable computer
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Abstract This paper describes a circuit that enables auditory evoked potential recordings using a wireless EEG device (Emotiv EPOC) and a portable computer as the stimulus machine. The need arises since neither the portable computer nor EPOC has serial/parallel ports to send/receive marker signals that indicate the stimulus onset. The circuit produces a pulse on the EEG channels when it detects an audio stimulus. First it amplifies the audio tones produced by the stimulus machine and detects their envelope. If the envelope exceeds the threshold, it will activate the emitter side of an optocoupler. This in turn switches on the photo-transistor of the optocoupler and produces a pulse that is electrically isolated from the stimulus machine. The pulse's amplitude is reduced to at most 300µV using a voltage divider and is fed to a pair of the EEG channels. The delay between the output pulse and the onset of the 1kHz audio tone is under 1ms when the tone is instantly switched on and hence insignificant. Each of the two EEG channels was also biased to DRL via a 4.7kΩ resistor so that it is free from EEG and movement artifact.
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EEG, Emotiv, EPOC, evoked potential I. INTRODUCTION T HIS paper describes the design of a circuit to enable recordings of auditory evoked potential using the Emotiv EPOC wireless system and a portable computer with no serial/parallel port. The circuit synchronises the audio stimuli with the EEG recording by producing a pulse on two of the EEG channels upon detecting an audio stimulus. The need arises since EPOC has no external port which is required for capturing the marker signal in evoked potential recordings. Furthermore portable computers nowadays have no serial/parallel port and hence the headphone socket is the only means of detecting the stimulus onset. For convenience, we coined the term "marker circuit" to refer to this circuit.
Auditory evoked potential is usually recorded using a high quality EEG recording device that has 32 to 256 channels, high sampling rate and resolution. The device also provides an external port to detect the stimulus onset or responses from the subjects. To record the stimulus onset with the EEG, the port is connected to the PC's serial or parallel port which outputs a marker signal coinciding with the stimulus onset. The EEG is aligned to the stimulus onset and then divided into epochs. Finally the epochs are averaged to produce the evoked potential.
Recently, Emotiv and Neurosky have commercialised wireless EEG systems for consumer use. Emotiv's product, called EPOC, has 14 channels spread across the scalp covering the temporal, frontal and occipital regions. EPOC is an appealing recording system on children since it has no wire and is quick to setup. Furthermore it uses cotton felts with saline solution instead of conductive gel which requires washing the head cap and the subjects' hair. However, EPOC has no external port which would allow evoked potential recording and neither does Neurosky's system.
EPOC has been applied for recording evoked potentials such as SSVEP (steady-state visual evoked potential) [1] and P300 potential [2] , [3] . However these recordings do not need any marker circuit since these evoked potentials do not require synchronisation between the EEG and the stimulus onset. On the other hand, auditory and visual evoked potentials require a careful synchronisation between the EEG and stimulus onset in order to obtain reliable and reproducible evoked potentials.
An immediate solution to capture the marker signal into the EEG data is to connect the appropriate pins of the serial/parallel port of the stimulus machine to the emitter side of an optocoupler and the phototransistor side to a pair of the EEG channels through a voltage divider. However most portable computers no longer have any serial/parallel port. Hence the headphone socket is the only means of detecting the audio stimuli.
This paper aims to provide the technical description of the marker circuit which generates the marker signal upon detecting an audio stimulus. An auditory evoked potential study using this circuit has been conducted by Badcock et al. [4] where the EPOC accompanied by the marker circuit was validated against Neuroscan. Section II describes the circuit to convert the audio signal from the headphone output to a pulse that can be fed to a pair of the EEG channels and the methods to verify the circuit. The two channels are also biased by the DRL channel directly in order to remove the need for the cotton felts. Section III describe the verification results. Section IV provides a conclusion of the circuit design and testing.
II. MATERIALS AND METHODS

A. Marker circuit
The marker circuit shown in Figure 1 consists of 4 stages, namely, amplifier, envelope detector, comparator and the isolated circuit. The amplifier amplifies the audio signal from the headphone output by 11 times since the audio signal ranges from 0.2 to 1Vpp which is too small for the envelope detector stage. A first order high-pass RC filter is placed at the amplifier input to remove the DC bias voltage from the headphone output. The filter's 3-dB frequency is 159Hz. The amplifier output is attached to the envelope detector circuit in order to detect the presence of the audio stimulus regardless of its frequency. The envelope detector output is attached to a comparator where the threshold is 1.4V. The comparator output in turn drives the emitter side of the optocoupler if its input voltage exceeds the threshold. The forward voltage of the optocoupler's LED is 1V. When the emitter side is switched on and in turn switches on the phototransistor, current will flow through the voltage divider. The output voltage is set to be at most 1/10000 of the isolated supply voltage. That is, given a supply voltage of 3V from two AA batteries, the output voltage is at most 300µV which is low enough not to damage the EPOC's front-end circuit. The output voltage will stay at this level throughout the duration of the audio stimulus. The reference voltage in the amplifier circuit is set to only 0.7V for two reasons. Firstly the circuit only needs the positive part of the tone in order to detect the envelope. Secondly, the maximum output voltage of the amplifier is approximately equal to the supply voltage minus 1.5V.
B. Biasing the marker channels
Each channel is required to maintain a certain conductivity with the DRL channel in addition to maintaining a good conductivity between CMS and DRL. This is achieved by ensuring a good contact between the scalp and the electrodes so that the scalp becomes the medium for delivering current from DRL to each channel. However the signal picked up by the electrodes becomes susceptible to electrical interference or movement artifact. One solution to alleviate this issue is to bias the channels directly to DRL through 4.7kΩ resistors (R11 and R12) as shown in Figure 1 . The choice of the resistor value is based on the common practice to ensure that the resistance between an EEG channel and the reference channel is less than 5kΩ. CMS also needs to be biased to DRL using the 4.7kΩ resistor (R13) for testing the audio stimulus without putting on the headset.
C. Verification methods
A Matlab TM (Mathworks) function was written to output an audio tone every second. Two audio tones were used, both of which had a frequency of 1kHz and an amplitude of 0.2Vp. One tone is a regular sine wave with duration of 155ms which is referred to as the instantaneous tone. The other tone had an extra 10ms in the beginning where the amplitude of the sine wave linearly increased to the maximum level and an extra 10ms at the end where the amplitude decreased to zero. The second tone is called ramp tone and is commonly used in auditory evoked potential recordings. The PC's audio volume was set to about 40%. The input of the marker circuit was attached to the PC's headphone socket. Its output was attached to channels AF3 and F7. The signals acquired by EPOC were displayed using Emotiv's software "Testbench". A digital oscilloscope (Tektronix MSO2012) was also used to display the audio tone and the optocoupler output simultaneously in order to observe the delay between the audio tone and the output pulse. Figure 2 displays a screenshot of Testbench showing a train of output pulses in channels AF3 and F7 which were produced from the audio stimuli. The pulses were not rectangular since EPOC has a built-in first-order high pass RC filter with 3-dB frequency at 0.16Hz for each channel. The marker signal can be obtained by subtracting the two channels using Matlab in the post-processing step. The onset of the marker signal corresponds to onset of the audio stimulus. Figures 3 and 4 display the optocoupler output with the instantaneous and ramp tones respectively. The delay between the onset of the output pulse and the instantaneous tone was 0.15 ± 0.01ms. The delay between the onset of the output pulse with the ramp tone was 4.34 ± 0.05ms.
III. RESULTS AND DISCUSSION
The results show that the delay between the output pulse and the instantaneous tone is less than 1ms which is insignificant in evoked potential recordings. For the ramp tone, the delay can reach 4-5ms from the onset of the tone or 4-5ms from the tone's maximum amplitude. Initially this delay may raise a concern for reliable evoked potential recordings. However this delay is constant if the audio volume level remains the same throughout the recordings. The evoked potentials can then be shifted back to compensate for the delay. Furthermore since the sampling period of EPOC is about 8ms, the delay is effectively less than one sample delay. Hence, in practice the delay can be ignored.
Envelope detector is used to detect the presence of the audio tone. Hence it makes no distinction on the frequency of the tone. One advantage is that the circuit does not need to be modified when different frequencies are used in the experiment. However the disadvantage is that an experiment that uses more than one frequency tone must have a separate log system to record the sequence of the tone.
The marker circuit has been proven to successfully record auditory evoked potentials on human subjects [4] . The audio stimuli were based on the ramp tone. The delay between the output pulse and the onset of the stimulus was ignored since it was less than 8ms.
IV. CONCLUSIONS
The marker circuit enables auditory evoked potential recordings using EPOC as the EEG device and portable computer as the stimulus machine. A pulse is fed to a pair of the EEG channels to indicate the onset of the audio stimulus when the stimulus is detected. The delay between the pulse and the audio stimulus is insignificant in practice. It is also convenient to bias the pair of EEG channels directly to DRL using 4.7kΩ resistors so that the channels are free from EEG and movement artifact. 
